The mean size and percentage of budded cells of a wild-type haploid strain of Saccharomyces cerevisiae grown in batch culture over a wide range of doubling times (T) have been measured using microscopic measurements and a particle size analyzer. Mean size increased over a 2.5-fold range with increasing growth rate (from T = 450 min to T = 75 min). Mean size is principally a function of growth rate and not of a particular carbon source. The duration of the budded phase increased at slow growth rates according to the empirical equation, budded phase = 0.5T + 27 (all in minutes). Using a recent model of the cell cycle in which division is thought to be asymmetric, equations have been derived for mean cell age and mean cell volume. The data are consistent with the notion that initiation of the cell cycle occurs at "start" after attainment of a critical cell size, and this size is dependent on growth rate, being, at slow growth rates, 63% of the volume of fast growth rates. Previous reports are reanalyzed in the light of the unequal division model and associated population equations.
The mean size and percentage of budded cells of a wild-type haploid strain of Saccharomyces cerevisiae grown in batch culture over a wide range of doubling times (T) have been measured using microscopic measurements and a particle size analyzer. Mean size increased over a 2.5-fold range with increasing growth rate (from T = 450 min to T = 75 min). Mean size is principally a function of growth rate and not of a particular carbon source. The duration of the budded phase increased at slow growth rates according to the empirical equation, budded phase = 0.5T + 27 (all in minutes). Using a recent model of the cell cycle in which division is thought to be asymmetric, equations have been derived for mean cell age and mean cell volume. The data are consistent with the notion that initiation of the cell cycle occurs at "start" after attainment of a critical cell size, and this size is dependent on growth rate, being, at slow growth rates, 63% of the volume of fast growth rates. Previous reports are reanalyzed in the light of the unequal division model and associated population equations.
In at least some bacteria it is well established that there is a simple relationship between growth rate and cell size, where dry weight, total protein, or volume is used as a measure of size (15, 20) . This is thought to be a natural consequence of two "rules" that govern the cell cycle, namely, that both mass per chromosome origin at the initiation of DNA synthesis (5) and the time from initiation to division (C + D period) are constant over a wide range of growth rates (14) .
Similar studies on eucaryotes are rare, but those on Schizosaccharomyces pombe have revealed a more complex situation with size controls over both the initiation of DNA synthesis (19) and nuclear division (6) . Studies on Saccharomyces cerevisiae, in either glucose-limited (16, 18) or ammonium-limited (16) chemostat culture, clearly show that fast-growing cells are bigger than slower-growing cells. Combined with the observation of apparent constancy of the budded phase (equivalent to S + G2 + M) in glucose-limited chemostat culture (9, 22) and batch culture (10) , there is an obvious analogy with the results for Escherichia coli. Some recent shift-up experiments demonstrating rate maintenance have tended to reinforce this view (4). However, there are four points that suggest this is an oversimplified interpretation. First, it has been observed that there are differences in results when the same strains are grown at the same growth rates in batch and chemostat cultures (1) . Second, autoradiographic data show 92 that although the S phase is relatively invariant, other parts of the budded phase are elongated at slower growth rates (2) . Third, altering the growth rate by cycloheximide treatment (8) or by nitrogen limitation (C. Rivin, personal communication) leads to an increase in length of the budded phase. Fourth, there is the important discovery that budding yeast has an asymmetric cell cycle, mother cells cycling faster than daughter cells at all growth rates except maximal (8, 21) . The evidence suggests that at a particular growth rate yeast cells have to attain a critical cell size (8) (9) (10) 12 ) before initiating the cell cycle at "start" (7), bud emergence occurring shortly afterwards. Since mother volume remains relatively unaltered during growth of the bud (11), after cell separation, mothers have already attained the critical size and can initiate a further cycle immediately from start, whereas daughters may have to grow first before entering a second cycle.
We have investigated the relationships between mean cell size, duration of the budded phase, and growth rate, using a wide range of different media and growth rates, and interpreted the data in the light of the asymmetric model of the yeast cell cycle. MATERIALS Carbon sources used and overall composition of the media are given in Table 1 . Some media were sterilized by autoclaving, and all were also filter sterilized to produce particle-free media. Growth conditions. All experiments were performed in a shaking water bath at 30°C containing 250-ml Erlenmeyer flasks with 100 ml of medium. Growth was monitored as cell number, using a particle counter (see below), and measurements were only taken when cells were in exponential growth both before and after the period of sampling (at least two doubling times). Cells were fixed in 4% fornaldehyde, briefly sonicated to separate clumps and divided cells, and measured the same day.
Cell counts and volume determination. Cell counts and volume determination were done with an Electrozone/Celloscope model 111 LTS (Particle Data Inc., Elmhurst, Ill.), using a 60-pm orifice and flow rate of 0.42 cm/s at cell densities low enough to avoid coincident counting. Cell volume distributions were obtained using a Nuclear Data 1100 analyzer system (Nuclear Data Inc., Palatine, Ill.) coupled to a Hewlett-Packard XY plotter (Hewlett-Packard Inc., Pasadena, Calif.), and mean cell volumes were obtained from the peak of the normal distribution of volumes (on a log scale). Six samples were taken from each experiment, and the machine was calibrated using standard latex spheres (2.03 and 5.7 ym in diameter) obtained from Dow Chemical Co.
Direct microscopic measurements of more than 200 cells for some samples and assumption of the shape of the cell being a prolate spheroid gave exactly the same mean cell volume. The proportion of budded cells was obtained from counting about 1,000 cells. Table 1 clearly show that mean size increases with growth rate, especially at the faster growth rates. There is a consistent relationship between cell size and growth rate for any one medium even when doubling times vary due to differences in separate batches of media. Occasionally, the same medium and growth rate results in a substantial variation in mean cell size (e.g., MM1 plus fructose). (Fig. 3, curves A and B). In neither case is there more than a 50% increase in mean cell size, whereas a 250% increase was observed. In addition, we have calculated V assuming constancy of the duration of the budded phase (Fig. 3, curve C) , contrary to our own observations (Fig. 2) . In this case we obtain the correct magnitude of the observed change in mean volume, but the curve is of the wrong shape, being convex rather than concave.
RESULTS

Mean cell volume. The data in
There are four ways in which a size-regulated initiation of division can yield a greater than twofold change in mean volume: if the cell cycles overlap (as in bacteria); if the cell cycle is asymmetric; if the time from initiation to division is large or variable; if the initiation size varies with growth rate. There is no evidence for the first alternative, but there is good evidence for the second (8) (9) (10) and third (at least in this case). However, asymmetry and variable budding time alone are insufficient to produce the observed relationship ( Fig. 1 and 3) . We conclude that it is also necessary to suggest that there is a growth rate-modulated size control over start. Calculat- ing back from the curves in Fig. 1 and 2 , we deduce that V, varies smoothly from about 17 ,um3 at slow growth rates to 28.5 ,um3 at T = 75 min, with most of the change occurring at growth rates faster than T = 100 min (Fig. 4) . (1), who not only found mean size to be largely invariant with growth rate but also that diploids at slow growth rates were the same size as haploids (cf. 3) .
It can also be seen from Fig. 4 that both size at cell separation and size of daughters at birth vary with growth rate. In terms of the control of cell division, there are two ways in which the data can be interpreted. (i) Division is initiated at a critical size, Vp, and occurs a fixed time, P, later, both the size and the time being modulated by growth rate (sizer plus timer model [6] ). (ii) Both budding and division are initiated at particular critical sizes, the sizes both being modulated by growth rate. Such a situation pertains to S. pombe (6) .
Two interesting consequences arise from the asymmetry of division in yeast. As the growth rate decreases, the ratio between mothers and daughters of both volume at birth and cycle time rises dramatically so that at r = 500, mothers are about twice as big as daughters at birth, and the cycle time of daughters is about three times as long (Fig. 5) . 6 which is redrawn from reference 8 with the addition of a point, B, the initiation of budding. The age, t, of a cell at a particular point in the cell cycle is given in terms of the length of time which that cell will take to reach division and is in units of T, the population doubling time. Thus, at division a cell will be of age 0; D is the daughter cell cycle time, and P is the parent cell cycle time.
The relationship between D and P is given by the The age distribution is given by
where O(t) is the probability density function and oc = ln2/T.
The frequency of celLs per unit time passing through a point, t, in the cycle is N(t,) = N(o) oce"' where 0 c t < P, and
where P < t -D.
Duration of budded phase. Using these equations, it is possible to find out B, the budding interval, Derivation of mean cell age. The mean cell age is found by multiplying the density function, 0(t), by the variable, t, and integrating between the appropriate limits. 
If we assume that at maximum doubling time cells divide symmetrically, then we can say that at this doubling time D -P = T. The mean cell age in this case, using equation 6, is 2-T/n 2, which is 0.557 (see 13).
Mean cell volume. We assume that cell mass (M) increases exponentially such that at a time, If the density of a cell remains relatively constant throughout the cell cycle, then we can replace M in equation 7 by V (cell volume).
Unbudded cells have to attain a minimum size at P ( start) before a cycle is initiated (8) at point P in the cycle. The volume of a cell at any point, t, in the cycle can be expressed in terms of volume at P(Vp), as V( -V(o)e'(P-t) ( 8) The mean cell volume, V, is found by multiplying the density function, 0(t), of the age distribution by the volume at a point, t, and integrating between the appropriate limits. Hence In the case of a symmetrically dividing population of cells, i.e., when D = P = -, the mean cell volume, i, Vp2 ln2 = 1.386 Vp (see 13) .
This assumes that all the volume increase of a parent cell in the period between P and 0 is distributed to the daughter cell.
